Abstract-A new wireless power transfer (WPT) system based on ball-joint structure is presented in this paper. A ball-joint WPT system consists of a ball structure with a mechanical rod attached to the ball and a ball socket that accommodates the ball structure. This ball-joint structure comprises at least one winding in the ball structure and at least one winding in the ball socket structure. The ball structure can be flexibly rotated over a wide range of angle inside the ball socket, while wireless power can still be transferred from the transmitter winding to the receiver winding through magnetic resonance. The magnetic coupling coefficient between the transmitter and receiver coil over a wide rotating angular range has been analyzed and experimentally checked. Experimental results confirm that an energy efficiency of up to 81% can be achieved.
I. INTRODUCTION

W
IRELESS power transfer (WPT) based on the magnetic resonance and near-field coupling of two loop resonators was pioneered by Tesla, Hutin, and Leblanc a century ago [1] , [2] . WPT can be radiative or nonradiative depending on the energy transfer mechanisms. Radiative (far-field) power can be emitted from an antenna and propagates through a medium (such as vacuum or air) over long distance (i.e., many times larger than the dimension of the antenna) in the form of electromagnetic wave. However, due to the omnidirectional nature of the radiative power emission, the energy efficiency of power transmission is very low. Far-field WPT is only suitable for applications (such as low-power sensor networks) in which efficiency is not a concern [3] .
Nonradiative WPT relies on the near-field magnetic coupling of conductive loops and can be classified in the short-range and Fig. 1 . Example-1: Primary and Secondary Winding arrangement in a slipring structure [23] .
the mid-range application contexts. Generally speaking, if the transmission distance is less than the diameter of the transmitter coil, the system is considered as short-range. Mid-range here refers to the applications in which the transmission distance is larger than the diameter of the transmitter coil and within a distance equivalent to a few multiples of the transmitter coil diameter. WPT has been applied extensively in ac machines, which were also pioneered by Tesla [4] . In a cage induction machine, for example, electric energy is transferred from the stator windings across the air gap to the rotor cage. Wireless energy transfer via coupled windings is the basic principle used in electric machines. Another traditional WPT research topic is transcutaneous energy systems for medical implants (since 1960) [5] - [9] and induction heaters (since 1970) [10] . For modern short-range applications, the inductive power transfer systems (since 1990) [11] - [15] and the wireless charging systems for portable equipment such as mobile phones (since 2000) [16] - [21] have attracted lots of attention. Wireless charging technology for portable electronic devices has reached commercialization stage through the launch of the "Qi" Standard by the Wireless Power Consortium [22] , now comprising over 200 companies worldwide.
Several types of WPT techniques for mechanical systems with movable mechanical parts have been reported. In [23] , a mechanical slip-ring with primary and seconding windings on the fixed and rotating parts is reported as shown in Fig. 1 . The primary winding is wound on the stationary (fixed) part of the machine. The secondary winding is wound on the motor shaft that can rotate. Note that the primary winding and the seconding windings share the same axis. This means that the two axes are fixed in one angle and cannot be changed in their relative mechanical angle. In this slip-ring arrangement, the relative positions of the primary and secondary windings remain the same regardless of the rotating speed of the motor shaft.
A second example is the use of a rotatory transformer with the transmitter and receiver windings placed on two sides of a rotational mechanical structure that also share the same rotational axis (see Fig. 2 ). Like the first example, the two windings are coaxial (i.e., sharing the same axis). Similar idea can be applied to a rotating system such as a radar system in which 0885-8993 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. the coaxial primary and secondary windings are mounted on the stationary and rotating sides of the mechanical system (see Fig. 3 ). Another example can be found in [24] .
A new concept of a WPT system based on a ball-joint structure is presented in this paper. Windings are embedded in the ball structure and ball-socket structure for WPT transfer purpose. A calculation method and an analysis of the mutual inductance over a wide angular range has been conducted. This proposed ball-joint WPT system has been practically constructed. Both theoretical and experimental results are presented to verify the proposal.
II. BALL-JOINT WPT SYSTEMS
This new idea of a ball-joint WPT system is illustrated in Fig. 4 . A mechanical stud has one end in the form of a ball structure, which is enclosed in a mechanical ball socket. This mechanical arrangement forms a ball-joint structure. The surface of the ball structure and that of the ball socket usually form a smooth contact with low friction so that the stud can be rotated to a wide range of angle in the ball joint structure. The friction in the contact surfaces should be low enough for the ball structure to be rotatable and yet sufficient to hold the ball structure once its position has been adjusted.
There are several ways to embed the windings inside the ball and the ball-socket structures. Several winding examples for the ball structure are shown in Fig. 5 . In these cross-sectional diagrams, the cross-sections of the winding are highlighted. The cross-sections marked with a "cross" (X) refer to the current entering the plane under a certain excitation. Those marked with a "dot" (•) refer to current coming out of the plane. This representation is used to highlight the winding directions. In practice, high-frequency ac magnetic current flows through this winding and the actual current direction will change at the operating frequency of the WPT system. Similarly, several examples of winding structures for the ball-socket structure are shown in Fig. 6 . In general, the two windings are magnetically coupled as shown in the equivalent circuit of an inductive WPT system in Fig. 7 . Usually, a capacitor is used in each coil (inductor) to form a resonant tank, because high energy efficiency can be achieved in WPT at magnetic resonance when the operating frequency is at or near the resonance frequency of the resonant tank of the receiver. The power that can be transferred from the transmitter coil to the receiver coil is proportional to the operating frequency, mutual inductance between the transmitter (Tx) and receiver (Rx) coils, and the square of the transmitter coil current:
where M is the mutual inductance between Tx and Rx coils, f is the operating frequency of the ac source, and I Tx is the current of the Tx coil excitation. The currents and voltages in the system can be calculated by the following equation:
where R Tx is the total serial resistance of the transmitter circuit, X Tx is the total serial reactance of the transmitter circuit and is equal to ωL Tx −
if the compensating capacitor is serially connected as illustrated in the aforesaid diagram. R Rx and X Rx are the parameters for the receiver circuit. M is the mutual inductance between Tx and Rx coils. I Tx and I Rx are the currents flowing through the transmitter and receiver circuits. V Tx is the ac voltage applied to the transmitter circuit. 
A. Winding Structures
Since the mutual inductance which affects the power transfer according to (1) may vary significantly in a ball-joint WPT structure, it is necessary to examine the winding design in order to minimize the fluctuation of mutual inductance between the two windings over a wide angular range. Considering the techniques of producing the ball joints, the most practical implementation is that the coils are wound around the surfaces of both ball structure and ball-socket structure. The symmetrical winding scheme can be defined by the parameters specified in Fig. 8 and tabulated in Table I .
To simplify the model, the following assumptions are made. First, the winding in the ball socket covers not more than a hemisphere. Second, the coils are wound symmetrically along the vertical axes in Fig. 8 . Due to symmetry of windings, only one displacement angle θ is needed to identify relative position between of the windings of the ball and the ball socket. Therefore
where the angular variables α, β, γ, δ, and θ are specified in Fig. 8 .
B. Modeling of Self-and Mutual-Inductance of Unconventional Windings
Consider two arbitrary coils in Fig. 9 . The coils used in this application are irregular that it is difficult to derive the equation to calculate the self-and mutual-inductance values directly. The calculation is based on Neumann's formula
where L m ,n is the inductance between coils m and n. Selfinductance is calculated when m = n. μ 0 is the vacuum permeability if no magnetic material is used. X m and X n are infinitesimal length vectors along the coils m and n. Practically, the denominator in the integral can be zero when calculating the self-inductance and when X m ≡ X n . At such situations, special handling techniques are required. The following equation given by Neumann [24] can be used to replace the partial element at the singularity:
where l equals to the length of the discretized vector element of wire and ρ is the radius of the cross section of the wire. The trajectory of the ball and socket coils are generated and stored in vector arrays. Each segment in the array has the same length. Thus, the value of L p is a fixed value 
C. Optimal Design Method for Windings with Minimized Variation of Mutual Inductance
With any given mechanical structure of ball joint, the radius of the inner and outer is determined, therefore the optimizable parameters are the four angular variables α, β, γ and δ. Since the calculation equations are very complicated, genetic algorithm is used to find out the optimal values of start and end points of the coils. In order to minimize the variation of the mutual inductance over a wide angular movement of the ball structure within the ball socket, the mutual inductance values are calculated with a series of θ values. Assuming that the mutual inductance values at K different angular positions are obtained, the mean value of the mutual inductance is
The standard deviation of these K inductance values is
A fitness function is defined as
This fitness function is constructed to balance two factors: 1) to maximize the mutual inductance and 2) to minimize the fluctuation of the mutual inductance between the transmitter and receiver coils at different relative positions. The constant value 1e-6 is an empirical parameter used to adjust the weighting of the two factors.
Genetic algorithm is adopted to optimize the objective function which is defined as   J(α, β, γ, δ) = max[fitness(α, β, γ, δ) ].
(15) Fig. 13 . Calculated and measured mutual inductance versus displacement angle of the between the two coils shown in Fig. 12 . • , as most of the practical ball joints will have dead zones. In this study, the winding embedded in the ball socket is used as the transmitter coil, while that embedded in the ball as the receiver coil. The ball and ball-socket structures are fabricated with a 3-D printer. The rotating angle of the ball structure in the socket is from 0°degree toabout 90°. Table II . Based on the mutual inductance calculation explained in Section III, the mutual inductance values over a wide range of displacement angles are calculated based on (10) and plotted with the measured values in Fig. 11 . It is obvious that the mutual inductance value changes substantially from 33.4 to 1.87 uH when the displacement angle changing from 0°to 75°. While this inductance profile has high inductance value (and thus high energy efficiency in WPT), there is a certain angular range (e.g., from 60°to 90°) that the inductance value is very low. There is some small difference between the measured and simulated mutual inductance profile. This difference arises from the facts that the practical windings are not ideal and that airgap between the transmitter coil and receiver coil in the 3-D printed structure is not perfect. But the practical and simulated mutual inductance profiles are consistent.
A. Standard Winding Design
B. WPT Winding Design with Minimized Variation in Mutual Inductance
A second set of windings shown in Fig. 12 are used for the design with minimized variation of mutual inductance. Same as the previous standard winding design, N Tx = 41 (blue coil), N Rx = 14 (red coil). For this GA-optimized winding design, the mutual inductance value has much less variation from 0°to 75°. It only varies from 10.8 to 6.43 uH when the displacement angle changing from 0°to 75°. The parameters of this hardware prototype are listed in Table IV . The four optimized parameters of the coil windings have been solved by the GA and are listed in Table III . The calculated mutual inductance values and the measured one are displayed in Fig. 13 .
C. Practical Verification
The parameters are applied to a 3-D-printed ball joint structure. The coils are wound using litz wire with the same parameters as the optimized results. Both coils are connected with series compensating capacitors in order to form resonant tanks with resonant frequency identical to the operating frequency. The receiver at the ball side is connected with an output load of 51-Ω noninductive resistor. The power source is a 10-W high-frequency sinusoidal voltage generator. Fig. 14(a) and (b) show two photographs of the ball-joint WPT system with the ball structure placed in two different positions. The energy efficiency has been measured for a wide angular range and is plotted in Fig. 15 and listed in Table V. The energy efficiency stays above 80% from 0°to 75°. Also, an LED load is used in the receiver winding for demonstration as shown in Fig. 16 . The photographs show that the brightness of the LED load is similar in the two displacement angles.
V. CONCLUSION
A novel concept of ball-joint WPT systems is presented in this paper. This preliminary study shows that standard and nearoptimized winding designs exhibit different mutual inductance profiles. The near-optimized winding design not only reduces the variation of the mutual inductance but also enables high energy efficiency well above 80% to be maintained over wide range of angular displacement. This new proposal has been practically verified with a hardware prototype fabricated with a 3-D printer. Further work is needed to investigate a variety of the optimal dimensions of such ball-joint WPT structures in view of the possibilities of higher switching frequency and low-loss winding designs. In addition, the application potential of multiple WPT ball-joints and rotary joints in robotics should be explored. ACKNOWLEDGMENT C. Zhang and S. Y. R. Hui would like to thank the University of Hong Kong for its support for the patent application [26] .
